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Supporting information 9 
The supporting information contains detailed information of steroid estrogen, nonylphenolic 10 
and metals analysis.  It also includes three tables (Table S1, S2 and S3) containing 11 
information on the physico-chemical properties of the micropollutants studied, findings from 12 
biomass characterisations and quantitative information of sanitary determinand analysis from 13 
pilot plant studies and one Figure (Figure S1) showing the proposed breakdown degradation 14 
pathway of nonylphenol ethoxylates to nonylphenol. 15 
 16 
17 
Steroid estrogen analysis  18 
Aqueous extraction 19 
Settled sewage and final effluent samples (>1 litre) were filtered under vacuum through 1.2 20 
µm GF/C filters (VWR, Lutterworth, UK) prior to solid phase extraction (SPE).  Filter papers 21 
with retained solids were then frozen.  Waste activated sludge (1 litre) was centrifuged at 22 
1,500 x g and filtered to remove solids.  These solids were also frozen – see particulate 23 
extraction.  The aqueous fraction (1 litre per sample) was loaded onto 500 mg:6 cc tC18 solid 24 
phase extraction (SPE) cartridges (Waters, Elstree, UK) preconditioned with 5 ml methanol 25 
(MeOH) then 5 ml ultra-pure (UP) water.  Cartridges changes were made after 500 ml to 26 
avoid cartridge saturation.  The flow rate was controlled at 5 ml min-1 using a vacuum 27 
manifold.  The cartridge was then washed with 5 ml UP H2O and dried for 60 minutes under 28 
vacuum.  Analytes were eluted using 10 ml MeOH followed by 10 ml dichloromethane 29 
(DCM).  Extracts were concentrated to 1 ml by rotary evaporation (Heidolph Instruments, 30 
Schwabach, Germany) then to complete dryness under a gentle stream of nitrogen gas.  The 31 
dried sample was reconstituted in 0.2 ml DCM: MeOH (90: 10).  The sample was then subject 32 
to clean up by gel permeation chromatography (GPC) by injection onto a 5 µm, 300 mm x 7.5 33 
mm gel permeation size exclusion column (Varian, Oxford, UK) under isocratic conditions 34 
(DCM: MeOH, 90: 10 v/v) at a constant flow rate of 1 ml min-1 and the fraction between 5.5 35 
minutes and 11.5 minutes collected.  The 6.0 ml fraction was evaporated to approximately 0.2 36 
ml under a nitrogen stream then reconstituted to 2 ml with hexane.  This was loaded onto a 37 
preconditioned (2 ml hexane) 500 mg:6 cc NH2 SPE cartridge (Varian, Oxford, UK), at a flow 38 
rate of 5 ml min-1.  The cartridge was then washed using 4 ml ethylacetate (EtOAc): hexane 39 
(10: 90).  Non polar estrogens (E1, E2 and EE2) were eluted using 6 ml EtOAc.  The more 40 
polar estrogens (E3 and E1-3S) were then eluted separately using 6 ml of 3 % ammonium 41 
hydroxide (NH4OH) in MeOH.  Separate eluants were blown to dryness under a gentle stream 42 
of nitrogen gas, then reconstituted with 0.2 ml UP H2O: MeOH (80:20).  Prior to extraction 43 
the aqueous phase samples were spiked with 15 ng l-1 deuterated estrogens.  To ensure 44 
analytical reliability; both low (2 ng l-1) and high (15 ng l-1) spikes of additional mixed 45 
estrogens were used to determine recoveries.   46 
 47 
Particulate extraction 48 
Frozen settled sewage, final effluent particulate samples contained on filter papers and sludge 49 
samples (0.1-0.2 g) were freeze-dried and extracted using 10 ml EtOAc whilst being 50 
mechanically agitated using a multi-reax system (Heidolph Instruments, Schwabach, 51 
Germany) in a 25 ml Teflon tube for 60 minutes.  This was followed by centrifugation at 1500 52 
x g for 10 minutes.  The extraction was repeated twice then the combined supernatants were 53 
evaporated to approximately 0.2 ml and reconstituted to 2 ml with hexane.  The sample was 54 
then subjected to SPE by passing through a 500 mg:3 ml silica cartridge (Waters Ltd., 55 
Watford, UK) preconditioned with 2 ml hexane at a constant flow rate of 5 ml min-1.  56 
Analytes were then eluted using 3 ml EtOAc followed by 2 ml MeOH ensuring the cartridge 57 
media remained saturated.  Extracts were then evaporated to dryness prior to reconstitution in 58 
0.2 ml DCM: MeOH (90: 10).  This was then subject to the same clean up procedure as the 59 
aqueous samples by GPC and normal phase SPE.  To ensure analytical reliability all samples 60 
prior to freeze drying were spiked with deuterated (75 ng g-1) estrogens and both low (10 ng g-61 
1) and high spikes (75 ng g-1) when required to determine recoveries.   62 
 63 
UPLC-MS/MS analysis 64 
Ultra performance liquid chromatography was performed using a Waters Acquity UPLC 65 
(Waters, Manchester, UK).  Separations were achieved using an Acquity UPLC BEH C18 66 
column (100 mm x 2.1 mm i.d., 1.7 µm particle size; Waters, Manchester, UK) maintained at 67 
45 ˚C.  A gradient separation of two mobile phases was utilised consisting of water containing 68 
0.1 % NH4OH (A) and methanol containing 0.1 % NH4OH (B) at a constant flow rate of 0.2 69 
ml min-1.  Initial conditions of 80 % A and 20 % B were increased gradually to 80 % B over 6 70 
minutes and maintained for 1 minute.  This was then returned to starting conditions for 2 71 
minutes for equilibration.  An injection volume of 10 µl was used throughout the 72 
investigation.  Detection was achieved by a Waters Quattro Premier XE mass spectrometer 73 
with a Z-spray ESI interface (Micromass, Watford, UK).  This was operated in the negative 74 
electrospray ionisation mode utilising multiple reaction monitoring (MRM).  Two MRM 75 
transitions were monitored for each estrogen.  Detection of estrogens was divided into two 76 
acquisition periods. Period 1 monitored for E3 and E1-3S and period 2 for those later eluting, 77 
less polar estrogens E1, E2 and EE2.  The parameters for detection by the mass spectrometer 78 
were as follows: capillary voltage, 3.20 kV; multiplier voltage, 650 V; desolvation gas flow, 79 
1000 l h-1; cone, -55 V; RF lens, 0.2 V; cone gas flow, 49 l h -1; desolvation temperature, 350 80 
°C and source temperature, 120 °C. 81 
 82 
83 
Nonylphenolic analysis 84 
Aqueous extraction 85 
Settled sewage (100 ml) and final effluents (250 ml) were filtered through 1.2 µm GF/C 86 
filters (VWR, Lutterworth, UK) prior to SPE.  250 ml of sludge was centrifuged and filtered 87 
prior to extraction.  Filter papers containing retained particulates were then frozen prior to 88 
extraction separately – see particulate extraction.  The aqueous fraction was loaded onto 500 89 
mg:3 cc tC18 cartridges (Waters, Elstree, UK) preconditioned with 5 ml MeOH then 5 ml UP 90 
water.  The sample was loaded at a flow rate of 5 ml min-1 using a vacuum manifold.  A 5 ml 91 
aliquot of UP water was then used to wash the cartridge.  The cartridge was then dried for an 92 
hour under vacuum prior to elution.  Analytes were eluted using 5 ml EtOAc, 5 ml 0.1 % 93 
acetic acid in MeOH and then 5 ml DCM.  Extracts were then concentrated to approximately 94 
1 ml by rotary evaporation (Heidolph Instruments, Schwabach, Germany) to complete 95 
dryness under a gentle stream of nitrogen gas.  Once dried the extract was reconstituted in 96 
0.25 ml of UP H2O: MeOH (80: 20).  This was transferred to an autosampler vial prior to 97 
quantification by UPLC-MS/MS.  To ensure analytical reliability, prior to extraction; both 98 
low (100 ng l-1) and high (1,000 ng l-1) spikes of all compounds were used to determine 99 
recoveries.   100 
 101 
Particulate extraction 102 
Particulate phase analysis was performed by solvent extraction of filter papers containing 103 
suspended solids (0.1-0.2 g) from filtering >1 litre of settled sewage or final effluent, or 104 
centrifugation and filtration of sludge.  These were freeze dried, shredded and extracted using 105 
10 ml acetone and 10 ml MeOH by mechanically agitating using a multi-reax system 106 
(Heidolph Instruments, Schwabach, Germany) in a 25 ml Teflon tube for 30 minutes.  The 107 
extracts were centrifuged at 1500 x g for 10 minutes then decanted off.  This process was 108 
repeated and the extracts combined and concentrated to 0.2 ml.  These were reconstituted to 2 109 
ml with hexane and loaded onto a 500 mg:3 ml silica cartridge (Waters Ltd., Watford, UK) 110 
preconditioned with 2 ml hexane.  Analytes were eluted using 10 ml of 10 % acetic acid in 111 
MeOH then dried and reconstituted in 0.25 ml of UP water: MeOH (80: 20) prior to 112 
quantification by UPLC-MS/MS.  Before freeze drying, selected samples received either low 113 
(100 ng g-1) or high spikes (1,000 ng g-1) of all compounds to determine recoveries. 114 
 115 
UPLC-MS/MS analysis  116 
Ultra performance liquid chromatography was performed using a Waters Acquity UPLC 117 
(Waters, Manchester, UK).  Chromatographic separations were achieved using an Acquity 118 
UPLC BEH C18 column (100 mm x 2.1 mm i.d., 1.7 µm particle size; Waters, Manchester, 119 
UK) controlled at 30 ˚C.  A gradient elution of 0.1 % NH4OH in UP water (A) and 0.1 % 120 
NH4OH in MeOH (B) at a flow rate of 0.4 ml min-1 was used.  Initial conditions of 20 % B 121 
were maintained for 4 minutes prior to gradually increasing to 80 % over 5 minutes.  This was 122 
maintained for 12 minutes then returned to starting conditions over 3 minutes.  The total run 123 
time was 26 minutes and an injection volume of 10 µl was used.  Detection was achieved 124 
using a Waters Quattro Premier XE mass spectrometer with a Z-spray ESI interface 125 
(Micromass, Watford, UK).  This was operated in the negative and positive electrospray 126 
ionisation mode utilising multiple reaction monitoring (MRM).  The parameters for detection 127 
by the mass spectrometer were as follows: capillary voltage, 3.20 kV (positive mode) and -2.3 128 
kV (negative mode); extractor lens; 3.0 V, multiplier voltage, 650 V; desolvation gas flow, 129 
1000 l h-1; RF lens, 0.5 V (positive mode) and 1.0 V (negative) mode; cone gas flow, 50 l h -1; 130 
desolvation temperature, 350 °C and source temperature, 120 °C. 131 
 132 
133 
Metals analysis 134 
Glassware 135 
Glass and plastic ware used for collection, storage, filtering and digestion of samples was 136 
soaked for a minimum of 24 hours in an aqueous 2.5 % v/v Decon 90 solution (Fisher 137 
Scientific, Loughborough, UK) and then rinsed with UP water three times. Subsequently they 138 
were soaked for a minimum of 24 hours in 2.5 % v/v OPTIMA trace metal grade nitric acid.  139 
Glass and plastic ware was then rinsed a minimum of five times with UP water before being 140 
air dried. 141 
 142 
Total metals preparation 143 
Total metal analysis was achieved by acid digestion.  Samples for total metal analysis should 144 
contain a maximum of 100 mg of solids; if samples contained more than 100 mg of solids, 145 
dilution with acidified ultrapure water was used to reduce the solids content to ≤100 mg 146 
(Santos et al., 2010).  Samples (30 mL) were placed in digestion tubes and acidified with 1.5 147 
mL OPTIMA trace metal grade nitric acid.  The samples were digested using a MARSXpress 148 
microwave digester (CEM Microwave Technology, Buckingham, UK) using sample 149 
dissolution EPA method 3015 (USEPA, 2007).  The samples were then transferred to 10 mL 150 
centrifuge tubes for analysis and spiked with the internal standard rhodium to achieve a 151 
concentration of 50 µg l-1.  All samples were analysed in duplicate and selected samples were 152 
spiked at low (20 µg l-1) and high (100 µg l-1) concentrations to determine recoveries.  153 
 154 
Aqueous metals preparation 155 
For aqueous metal analysis, each sample was vacuum-filtered through a Millipore all-glass 156 
three piece vacuum filtering set (Millipore, Cambridge, UK) using a 0.45 μm pore size 157 
cellulose nitrate membrane filter (Anachem Ltd, Luton, Bedfordshire, UK).  A 10 mL aliquot 158 
of the sample filtrate was then placed in a 10 mL centrifuge tube and acidified with 0.75 ml 159 
OPTIMA trace metal grade nitric acid and internal standard added.  All samples were then 160 
refrigerated at 4 °C prior to ICP-MS analysis. 161 
 162 
ICP-MS analysis 163 
The RF power was 1 kW with a nebuliser flow rate: 0.77 l min-1.  Plasma, auxiliary gas and 164 
sheath gas flow rates were all automatically controlled.  The sample cone had a 1.1 mm 165 
diameter orifice and the skimmer cone with a 0.9 mm diameter orifice.  The dwell time was 166 
50ms/AMU and scan mode was peak hopping.  The samples were determined in “dual 167 
detector mode” and “steady state mode” to introduce the sample continuously. 168 
 169 
Table S1.  Physicochemical properties of micropollutants found in wastewaters (EPI Suite, 2012) 
Chemical of 
interest 
Organic chemical 
structure/metal 
electron configuration 
EQS/proposed 
legislative 
target (µg l-1) 
Molecular 
weight 
(g mol-1) 
Water 
solubility 
(mg l-1) 
pKa 
Vapour pressure 
(kPa) 
Henry’s law constant 
(atm m3 mol-1) 
Density 
(g cm-3) 
Log Kow Log Koc 
Estrone (E1) 
 
3.0 x 10-3a 270.37 30.0 10.50c 3.00 x 10-8 3.80 x 10-10 - 3.13-3.43 3.02-4.38 
17β-estradiol 
(E2) 
OH
OH
CH3
 
4.0 x 10-4b 272.39 3.6 10.71c 3.00 x 10-8 3.64 x 10-11 - 3.94-4.01 2.90-4.01 
Estriol (E3) 
OH
OH
CH3
OH
 
- 288.38 441.0 - 9.00 x 10-13 1.33 x 10-12 - 2.45-2.81 1.62-3.08 
17α-
ethinylestradiol 
(EE2) 
OH
OH
CH
CH3
 
3.5 x 10-5b 296.40 11.3 10.40c 6.00 x 10-9 7.94 x 10-12 - 3.67-4.15 2.71-4.65 
Estrone 
1-3sulfate  
(E1-3S) 
O
CH3
S
O
O
OH  
- 350.43 960.0 - 1.97 x 10-11 2.04 x 10-12 - 0.95 1.81 
OH
O
CH3
Nonylphenol 
(NP) R
OH
 
0.3d 220.35 7.6 10.28e 4.39 x 10-5 4.30 x 10-6 0.95e 5.77 4.28 
Nonylphenol 
mono, di and tri-
ethoxylate  
(NP1-3EO) 
R
O
O
OH
x
 
- 
264.41-
352.52 
0.5-1.8 - 2.38 x 10-8-5.24 x 10-11 1.25 x 10-6-5.73 x 10-12 - 5.03-5.58 4.28 
Nonylphenol 
polyethoxylates 
(NP4-12EO) 
R
O
O
OH
y
 
- 
396.57-
749.00 
3.3-248 - 3.04 x 10-12-5.43 x 10-20 1.23 x 10-14-5.35 x 10-36 - 2.56-4.75 1.35-3.17 
Nonylphenol 
carboxylates 
(NP1-3EC) 
R
O
O
O
OH
z
 
- 
278.39-
366.50 
0.3-1.0 - 1.31 x 10-6-1.80 x 10-10 1.79 x 10-7-4.31 x 10-11 - 5.26-5.80 2.94-3.42 
Zinc (Zn) 
 
8-125f 65.39 3.4 x 105 - - - 7.15g - - 
Copper (Cu) 
 
1-28f 63.55 4.2 x 105 - - - 8.90g - - 
Lead (Pb) 
 
1.2d 207.20 9.6 x 103 - - - 11.34g - - 
Cadmium (Cd) 
 
0.08-0.25d 112.41 1.2 x 105 - - - 8.70g - - 
Nickel (Ni) 
 
4.0d 58.69 4.2 x 105 - - - 8.90g - - 
aEnvironment Agency of England and Wales, 2002 bEuropean Commission, 2012 cLiu et al., 2009 dEuropean Commission, 2008 eSoares et al., 2008 fZiolko et al., 2011 gLenntech, 2012  
Key: EQS, environmental quality standard; pKa, acid dissociation constant; Log Kow, octanol-water coefficient; Log Koc, organic carbon-water coefficient   
 
Table S2. Physiochemical properties of activated sludge, and extracted soluble micro-products 
and extracellular polymeric substances of varying SRT and HRT  
Physicochemical 
property 
SRT 
(days) 
HRT 
(hours) 
Activated 
sludge 
Soluble micro-
products 
Extracellular 
polymeric substance 
Protein  
(mg g-1 VSS) 
3 8a - 41 202 
10 8a - 49 197 
27 8a - 17 158 
27 16 - 13 133 
27 24 - 12 154 
Carbohydrate  
(mg g-1 VSS) 
3 8a - 21 29 
10 8a - 24 46 
27 8a - 13 43 
27 16 - 10 22 
27 24 - 5 19 
COD  
(mg g-1 VSS) 
3 8a - 72 438 
10 8a - 30 387 
27 8a - 22 315 
27 16 - 37 333 
27 24 - 38 347 
Zeta potential 
(mV) 
3 8a -13 -9 -25 
10 8a -12 -9 -18 
27 8a -11 -6 -18 
27 16 -16 -9 -16 
27 24 -18 -8 -12 
MLVSS  
(mg g-1 VSS) 
3 8a 972 - - 
10 8a 1,301 - - 
27 8a 1,284 - - 
27 16 1,067 - - 
27 24 1,125 - - 
d50 
 (μm) 
3 8a 358 - - 
10 8a 274 - - 
27 8a 164 - - 
27 16 369 - - 
27 24 236 - - 
aPetrie et al., submitted 
Key: SRT, solids retention time; HRT, hydraulic retention time; COD, chemical oxygen demand; 
MLVSS, mixed liquor volatile suspended solids; d50, median floc size 
 
 
 
Table S3.  Sanitary determinand quantitative information for SRT and HRT pilot plant studies  
Sanitary 
determinand 
SRT 
(days) 
HRT 
(hours) 
Settled sewage 
(mg l-1) 
Final effluent 
(mg l-1) 
Secondary 
removal (%) 
COD 
3 8 266 101 62 
10 8 258 52 80 
27 8 291 51 82 
27 16 252 43 83 
27 24 216 42 81 
sCOD 
3 8 109 42 62 
10 8 76 24 68 
27 8 103 30 71 
27 16 132 29 78 
27 24 103 34 67 
BOD 
3 8 104 27 74 
10 8 100 12 88 
27 8 105 5 96 
27 16 93 5 94 
27 24 59 2 96 
Ammonium 
3 8 44 41 6 
10 8 38 <0.5 >99 
27 8 28 <0.5 >99 
27 16 31 <0.5 >99 
27 24 30 <0.5 >99 
Nitrate 
3 8 <1 <1 - 
10 8 <1 35 <-3,400 
27 8 <1 29 <-2,780 
27 16 <1 34 <-8,425 
27 24 <1 30 <-5,857 
Nitrite 
3 8 <1 6 <-520 
10 8 <1 3 <-230 
27 8 <1 1 <-20 
27 16 5 <1 >79 
27 24 3 <1 >65 
Total nitrogen 
3 8 59 53 10 
10 8 52 47 10 
27 8 44 34 23 
27 16 42 38 9 
27 24 47 40 14 
Suspended solids 
3 8 110 69 37 
10 8 119 29 76 
27 8 139 18 87 
27 16 88 22 74 
27 24 64 17 67 
Key: SRT, solids retention time; HRT, hydraulic retention time; COD, chemical oxygen demand; 
sCOD, soluble chemical oxygen demand; BOD, biochemical oxygen demand 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1.  Proposed degradation pathway of long chained NPEOs during wastewater treatment, 
adapted from (Warhurst, 1994; Soares et al., 2008) 
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